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Fig. 1.1? Schematic illustration 
of DRAM half Pitch from ITRS 
2011 Edition, Excutive 
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Fig. 1.2? ITRS Roadmap for DRAM 
1/2 Pitch based on ITRS 2013 
Edition, Executive Summary, Table 
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Fig. 2.1? Periodic boundary condition 
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(a)Potential in our study (b) Stillinger-Weber potential 
Fig.2.3? Difference between our potential and S-W potential 
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Fig.2.6? Modification of 3-body potential.? In these figure, the orange curve 
represents? 3-body potential before modification. The blue curve represents 
3-body potential after? modification 
(a) O-O-O potential 
(b)O-O-Si potential 
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Fig.3.2????????? Si???????????????? 
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Fig.3.1? The gate etching process with HBr/O2 plasmas. During the dry etching 
process, an additional oxide layer is formed under the gate oxide. In a wet 
process, the oxide layer is removed excessively and hollow voids are formed 
around the gate. 
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Fig.3.2? TEM image of Si substrate around metal gate . 
The ideal Si surface is described by red line. 
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Fig.3.3? Model of Si recess formation by HBr/O2 plasma. 
Si crystal is damaged by energetic H+ ions and 
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Fig.3.4????? Si???????Fig.3.5? Si????????????????
Fig.3.4? Si initial substrate Fig.3.5? The atomic density profiles 
of the initial Si substrate 
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Fig.3.6? The initial Si 
Substrate with a SiO2 
layer. 
Fig.3.7? The atomic density profiles 
of the substrate. 
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(a) Initial substrate (b)Substrate after the process 
(a) Initial substrate (b) Substrate after the process 
Fig.3.9? The atomic density profiles of the pre-damaged Si substrate and the 
substrate after O radicals injection. 
Fig.3.8?  O radical injection to pre-damaged Si substrate  
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Fig.3.11? Change of Si/SiO2 substrate surface 
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Fig.3.12? Compositional change of the Si/SiO2 substrate. In these figure, 
the red curve represents the composition profile of oxygen atoms, and the 
green curve represents the composition of silicon atoms 
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(a) H100eV 
Fig.3.13?  Compositional change of the Si/SiO2 substrate by simultaneous 
injection of 100 ~ 500eV H ions and 0.05eV O radical. From left figure 1.0?1016?
2.5?1016?5.0?1016 /cm2. The red curve represents the composition profile of 
O atoms. The green curve represents the composition profile of Si atoms. The 
blue curve represents the composition profile of H atoms 
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(a)H100eV?O0.05eV 
Fig.4.2?   The displacement of O atoms as functions of ion dose (linear plot). 
The blue, green, purple curve represents <Lz2>, <Lz>2, <Lz2>?<Lz>2 as functions 
of ion dose 
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(b)H300eV?O0.05eV 
(c)H500eV?O0.05eV 
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(d)H700eV?O0.05eV 
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(f)H1500eV?O0.05eV 
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Fig.4.3?  Average displacement of O atoms as a function of the H+ ion dose (in a 
double logarithmic plot) after simultaneous 700eV H+ ion and 0.05eV O radical 
injection. The blue, green, purple curves represent <Lz2>,  <Lz>2, and  <Lz2>?
<Lz>2 as functions of the H+ ion dose. 
(a)H100eV?O0.05eV 
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Fig.4.4? Relation between Oxygen diffusion and ion dose 
(double log plot) 
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Fig.4.5 The effective diffusion coefficient as a function of the 
incident energy of H+ ions. The solid curve is a guide to the eye. 
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Fig.4.6? Comparison of the ion-beam experimental result and 
        the simulation result. 
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Fig.4.7? Average displacement of O atoms as a function of the number of  
ion shot after 500eV H+ ion and 0.05eV O radical injection. Here, 1shot equals  
9.4x1012/cm2. In case that O atoms move through Si lattice channel by collision 
with H+ ions, O atoms travel long distances 
 ?? 
 
 
4.5? 4???? 
 
? ?????? 3 ?? H+????O ?????????????????????
? O????????????????????????????????????
???????????????????????????????????? 10-15
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
MD????????????????????????????????????
??????? H+???????? O????????????????????
H+?????????????????? Si?????????O???????
?????O????????????????? HBr/O2???????????
?????????????????  
 ?? 
 
 
???? 
 
[1] K. Mizotani, M. Isobe, M. Fukasawa, K. Nagahata, T. Tatsumi, and S. 
Hamaguchi: ?Molecular dynamics simulation of silicon oxidation enhanced by 
energetic hydrogen ion irradiation?, J. Phys. D : Appl. Phys. 48  152002 (2015). 
 
[2] M. Stavola, J. R. Patel, L. C. Kimerling et al. : Appl. Phys. Lett. 42 (1983). 
 
[3] J. C. Mikkelsen Jr. : Appl. Phys. Lett. 40, 336 (1982). 
 
[4] Y. Itoh and T. Nozaki : Jpn. J. Appl. Phys. 24, 279 (1985). 
 
[5] K. Kajihara, H. Kamioka, M. Hirano et al. : J. Appl. Phys. 98, 013529 (2005). 
 
[6] Grove, A. S., Snow, E. H., Deal, B. E. et al. : J. Appl. Phys. 35, 2458 (1964). ?
 
[7] R. Metzler, E. Barkai, and J. Klafter : Phys. Rev. Lett. 82, 3563 (1999). 
 
[8] S. Ogawa, J. Tang, A. Yoshigoe et al. : Jpn. J. Appl. Phys. 52, 110128 (2013). 
 
[9] K. Kajihara, H. Kamioka, M. Hirano et al. : J. Appl. Phys. 98, 013529 (2005).  
 
[10] M. Uematsu. H. Kageshima, and K. Shiraishi : J. Appl. Phys. 89, 1948 (2001). 
 
 
 
 
 
 
 ?? 
 
 
? 5??  
????????? Si???
?????? 
 
? ? 3??? 4??????????MOSFET? HBr/O2???????????
?????????????????????H+????????????????
Si??????????????????????????H+???? Si????
5nm?????????? O????????????O???????????
??????????????????????????????????? H+?
??????????? Si?????????????????????????
?????300eV??????????????? H+?????????????
Si???? 5nm????????????????????? 
? ?????????? 3?? finFET????????????????????
?????????????????????MOSFET????????????
????????????[1-5]??????????????? nm???????
?????????????????????????????????????
CMOS LSI????? P??(5.1)??????????????????????
?????[6]? 
 
ddleakddL VIVfCP ?? 2  
 
????f?????CL??????Vdd??????Ileak??????????Ileak
???(5.2)???????????????????-?????????????
(5.1) 
 ?? 
 
??????? Isub?????????????????????????????
???? Igate?????????? PN???????????????????
Ijunction???????????????????????????????????
?????? IGIDL(Gate-Induced Drain Leakage : GIDC)? 4??????????
?? 
 
junctionjunctiongatesubleak IIIII ????  
 
????????????????????????????(5.3)???????
???[7]????
q
KTVT ? ?????Vth???????????Vds?Vth???
??????-?????????-?????????W?L??????????
????????COX???????????0?????????n???????
????????? 
 
L
eVCWI
eeII
TOX
V
V
nV
VV
sub
T
ds
T
thgs
8.12
0
0
0 1
??
???
?
???
? ??
?
 
 
? 5.3??MOSFET?????Vth?????????????????????
??????????????????????????MOSFET?????? L
? 0.2?m????????????? VT????????????(5.3)????
??????????????????????????????????????
?? 2nm?????????????????????????????????
??????????????finFET?Fig.5.1????3???????MOSFET  
 
 
(5.2) 
(5.3) 
 ?? 
 
 
 
 
 
????? Si???????? fin??????????????finFET???? 
?????????????????????????????????????
??????????????????????????????????????
??MOSFET???????????????????????????????
???MOSFET?????????????????????????????[8] 
????finFET? fin??????????????????????????
?????(Reactive Ion Etching : RIE)???????????????????
????????? Fig.5.2???? fin???????????????????
??????????????????????????????[9-12]? 
???????????????????????? Si???????????
?????????? Si??????????????????????Si???
?????HBr?HCl???????????????????????????
? Br+?Cl+?HCl+?HBr+?H+???????????????????????
H+???????????????????????[13]????? 3??4???
?????????????? H+??????????????????????
?????????????????????????????? H+???? Si?
?? 
Fig.5.1? Schematic illustration of multi-gate fin-FET device. 
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Fig.5.2 Schematic diagram of a finFET structure, showing 
the relation of MD simulations in this study with a finFET 
structure and ions hitting the vertical walls with grazing 
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Fig.5.3? Si substrate structures after 500eV Ar+ ion injections  
The Ar+ ion dose is 7.3 x 10 15/cm2 in each case. The angles of incidence are 
(a)0?, (b)30?, (c)60?, and (d) 80?.Gray spheres represent Si atoms and 
small red spheres represent Ar atoms deposited in the Si substrate. 
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????? 70?~80????????????????????????????
??????? Ar+?????????????????[16,17]?????????
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Fig.5.4? Si etching yields by Ar+ ions of given incident energies  
as functions of angle of incidence, obtained from MD simulations. 
The curves are guides to the eye 
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Fig.5.5?????? H???????? Si???????????? H????
Fig.5.5? Si substrate structures after 300eV H+ ion injections. Gray spheres 
represent Si atoms and large red spheres represent H atoms implanted in 
the Si substrate. Here H atoms are depicteddisproportionally large so that 
they become more conspicuous. Note that majority of implanted H atoms are 
found in a much deeper region. The ion dose is 9.4 x 1016/cm2 in each case. 
The angles of incidence are (a) 0?i.e., normalincidence, (b) 30?,(c)60?,and 
(d) 80?. 
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5.2.2? H+?????????????? 
 
?? Si??????????? H+?????????????????????
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Fig.5.6 ? Si substrate structures after H+ ion injections at an incident angle 
of 80?. Gray spheres represent Si atoms and large red spheres represent H 
atoms implanted in the Si substrate. The ion dose is 9.4 × 1016/cm2 in each 
case. The incident energies are (a) 500eV, (b) 300eV, and (c) 100eV. 
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Fig.5.7? The reflection rates of H+ ion incident on Si substrates as functions 
of the incident angle at three different incident energies: 100, 300, and 500 eV, 
obtained from MD simulation.. The curves are guides to the eye 
 ?? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.8 (a)?  The density profiles of H atoms implanted in Si substrates after 
 the substrates are subject to 500 eV H+ ion incidence at incident angles of 0° 
 (normal incidence, indicated in blue), 30°(red), 60°(green), and  80°(purple).  
The ion dose is 2.8 × 1016 /cm2 in each case. The density is the average over 
 a layer of 2nm at each depth. 
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Fig.5.8(a)?(b)? H?????????????????????????H+???
????????????????????????????? H+???????
??????????????????????????????????????
????????? Ar+???????? H ????????????H+????
????????????????H+???????????? Ar+???????
Si ??????????????????????????????????H+?
?????? Si??? Si??????????????????????????
?????????????? 80?????????????????? Fig5.7?
??????????????????? 
Fig.5.8 (b) The density profiles of H atoms implanted in Si substrates after the 
 substrates are subject to 100eV H+ ion incidence at incident angles of 0° (normal  
incidence, indicated in blue), 30°(red), 60°(green), and  80°(purple). The ion dose is 
 2.8 × 1016 /cm2 in each case. The density is the average over a layer of 2nm at each 
 depth. 
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???? da?????????????(????? 5????????? Si??)
??????????????? 
Fig.5.9? Schematic illustration of two dimentional Radial Distribution 
Function (RDF). To compare depth dependence, we calculated RDF of 1~5 
region of Si substrate. 
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Fig.5.10(a)? Two dimentional Radial Distribution Function (RDF) of Si – Si  
bond from the surface. Incident energy of H+ ion is 500eV and incident angle 
is 80?. The ion dose is 2.8 x 1016/cm2. As Si substrate is amorphized by H+ ion 
irradiation, first and second peak height decrease. 
Fig.5.10(b)? Two dimentional Radial Distribution Function (RDF) of Si – Si 
bond . Incident energy of H+ ion is 500eV and incident angle is 60?.  
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Fig.5.10(c)? Two dimentional Radial Distribution Function (RDF) of Si – Si  
bond . Incident energy of H+ ion  is 500eV and incident angle is 0?.   
Fig.5.10(d)? Two dimentional Radial Distribution Function (RDF) of Si – Si  
bond . Incident energy of H+ ion  is 300eV and incident angle is 80?.   
 ?? 
 
 
 
 
 
 
 
 
 
 
Fig.5.10(e)? Two dimentional Radial Distribution Function (RDF) of Si – Si  
bond . Incident energy of H+ ion  is 300eV and incident angle is 60?.   
Fig.5.10(f)? Two dimentional Radial Distribution Function (RDF) of Si – Si 
 bond . Incident energy of H+ ion  is 300eV and incident angle is 0?.   
 ?? 
 
 
 
 
 
 
 
 
 
 
Fig.5.10(g)? Two dimentional Radial Distribution Function (RDF) of Si – Si 
 bond . Incident energy of H+ ion  is 100eV and incident angle is 80?.   
Fig.5.10(h)? Two dimentional Radial Distribution Function (RDF) of Si – Si  
bond . Incident energy of H+ ion  is 100eV and incident angle is 60?.   
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??????????????????Fig.5.10????????????????
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Fig.5.10(i)? Two dimentional Radial Distribution Function (RDF) of Si – Si  
bond . Incident energy of H+ ion  is 100eV and incident angle is 0?.   
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Fig.5.11 (a)? RDF first peak ratio as a function of ion incident angle about 
0~10nm depth from the Si substrate surface. Here, RDF first peak ratio is  
first peak height of initial Si substrate over first peak height of substrate  
after H+ ion irradiation. 
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Fig.5.11 (b)? RDF first peak ratio as a function of ion incident angle about 
10~20nm depth from the Si substrate surface. Here, RDF first peak ratio is  
first peak height of initial Si substrate over first peak height of substrate  
after H+ ion irradiation. 
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Fig.6.1? O2 gas cluster (13K) used for MD simulation. Blue spheres represent 
O atoms. Several thousands of O2 molecules are condensed by Van der Waals 
interaction force and they behave as a large molecule. 
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Fig.6.2? Schematic illustration of the forming process of gas clusters. 
Experimentally gas clusters are known to be formed by adiabatic expansion. 
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Fig.6.3? O2 gas clusters (50K) used for MD simulation. To estimate cluster  
size effect for Si oxidization process, we formed several sizes clusters. 
 ?? 
 
 
 
 
 
 
 
 
 
Fig.6.4(a)? A surface modification process by O2 gas clusters irradiation. 
The cluster size is 15440 molecules and the cluster energy is? 0.02 eV/mole- 
cules. The blue sphere represents the O atom and the gray sphere represents 
Si atoms. The cluster stick to the Si substrate and it is conceivable that the 
cluster remains on the substrate surface until it sublimed by heat transport  
from the substrate. 
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Fig.6.4(b)?  A surface modification process by O2 gas clusters irradiation. 
The cluster size is 15440 molecules and the cluster energy is 0.2 eV/molecules. 
 ?? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.4(c)?  A surface modification process by O2 gas clusters irradiation. 
The cluster size is 15440 molecules and the cluster energy is 0.6 eV/molecules. 
When incident energy is relatively high, gas cluster is broken apart at impact. 
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Fig.6.4(d)?  A surface modification process by O2 gas clusters irradiation. 
The cluster size is 15440 molecules and the cluster energy is 1.0 eV/molecules.  
 ??? 
 
??????????? O2??????????????? Si????? O???
???????????????????? Fig.6.4(c)?(d)???????????
?????????????????????? Si??????????????
????????????????????????????? O2???????
?????????????????????????????????????
Si????? O2??????????????????????????????
??????????????????????????????????????
? Fig.6.4(a)?????????????????????????? 5ps????
??????????????? O?????????????? 100ps????
?????????(??????? 0)????????????????????
Fig.6.4???????????????????? 
??????????? 100ps????? Si????????? O??????
??????????????????Si – O??????? 2.2.2.2??????
Sij??????????2??????????????(Sij > 0.95)????? Si-O
????????????Fig.6.5(a)?(b)? O2?????????????????
????????????????????????????????? Fig.6.5?
?????? (a)???? 1????????? Si-O????? (b)???? 1??
???? Si-O???????????????????????????????
???????(a)?(b)???????? 1????????????????????
Fig.6.5(a)????????????????? Si-O??????????????
?????????????????1????????????????????
?????? 359???891???2888?????????? 0.2eV/molecule???
?????? 15400?????????? 0.6eV/molecule????????????
???????????????????? Si-O??????????????
Fig.6.5????????????????????? O2????????????
??????????????????????????????? Si-O????
??????????????????????????????????????
?????????????????????? 1??????????????
O=O????????????5.1eV????????????????????
???????????????????????? Si-O-O??????????
 ??? 
 
?????????????????Fig.6.5(b)????????????????
?? O2?????? Si???????????????????????????
?????????? 3???????????Si???????????? 2?
???????????????????? O????????????????
??? 
??????????????????????????Si???O2?????
?????????0.6eV/molecule? 1000??????????????????
???????? 1?????????????? O=O??????????? O2
????????? Si???????????????????????????
????????????????? Si???????????????????
?????????????????????????????????????
?????????????????????0.2eV/molecule??????????
???Si-O?????????? O?????????????????????
???? Fig.6.6????Fig.6.5(a)?(b)???????????????????
???????? Si????????????????????????????
????????????????????????????????????
Fig.6.6???? Si-O????????????????????????????
?????????????????????? Fig.6.6????????????
?????????????????????????????????????
??????????????????????? 
 
 
 
 
 
 
 
 
 
 
 ??? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.5(a)?  Number of Si-O bonds per cluster as function of kinetic energy of 
            each oxygen molecules. The number of Si-O bonds was counted 
 100ps after cluster impact. The number of Si-O bonds per cluster 
 is higher when the kinetic energy is relatively low and clusters do 
 not broken apart at impact. 
 ??? 
 
 
 
 
 
 
 
 
Fig.6.5(b)?  Number of Si-O bonds per incident O molecule as function of 
 kinetic energy of each oxygen molecules . To see the efficiency of 
 surface oxidization, the same data as Fig.6.5(a), re-plotted. 
 In case that a cluster is large, many O2 molecules have little 
 chance to reach the surface. 
Fig.6.6?  O atoms that are covalently bonded with Si atoms 
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Fig.6.7(a)?  Energy distribution of O atoms before Si oxidation process by 
O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is 
15440 molecules. Translational energy of O2 cluster is subtracted by energy 
of O atoms. The red line is fitting line by least square method. The 
temperature of O2 gas cluster is about 13K. 
 ??? 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.7(b)?  Energy distribution of O atoms during Si oxidation process by 
O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is 
15440 molecules. Translational energy of O2 cluster is subtracted by energy 
of O atoms. Red and black line are fitting line by least square method. The 
temperature of O2 gas cluster is about 250K (the low temperature part) and 
910K (the high temperature part). 
 
 ??? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.7(c)?  Energy distribution of O atoms during Si oxidation process by 
O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is 
15440 molecules. Translational energy of O2 cluster is subtracted by energy 
of O atoms. The red line is fitting line by least square method. The 
temperature of O2 gas cluster is about 630K. 
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